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Abstract Maximal physical exertion is accompanied by
increased degradation of purine nucleotides in muscles
with the products of purine catabolism accumulating in the
plasma. Thanks to membrane transporters, these products
remain in an equilibrium between the plasma and red blood
cells where they may serve as substrates in salvage reac-
tions, contributing to an increase in the concentrations of
purine nucleotides. In this study, we measured the con-
centrations of adenine nucleotides (ATP, ADP, AMP),
inosine nucleotides (IMP), guanine nucleotides (GTP,
GDP, GMP), and also pyridine nucleotides (NAD, NADP)
in red blood cells immediately after standardized physical
effort with increasing intensity, and at the 30th min of rest.
We also examined the effect of muscular exercise on
adenylate (guanylate) energy charge—AEC (GEC), and on
the concentration of nucleosides (guanosine, inosine,
adenosine) and hypoxanthine. We have shown in this study
that a standardized physical exercise with increasing
intensity leads to an increase in IMP concentration in red
blood cells immediately after the exercise, which with a
signiﬁcant increase in Hyp concentration in the blood
suggests that Hyp was included in the IMP pool. Restitu-
tion is accompanied by an increase in the ATP/ADP and
ADP/AMP ratios, which indicates an increase in the
phosphorylation of AMP and ADP to ATP. Physical effort
applied in this study did not lead to changes in the con-
centrations of guanine and pyridine nucleotides in red
blood cells.
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Introduction
Purine metabolism involves synthesis and degradation of
purine nucleotides, and determines the adenylate and
guanylate pool value. In this way, it is responsible for the
absolute value of intracellular ATP and GTP concentra-
tions. The unique erythrocyte structure and metabolism is
due to, among others, a deﬁciency of glutamine 50-phos-
phoribosyl 1-pyrophosphate (PRPP) amidotransferase (EC
2.4.2.14) and its inability to synthesize purine nucleotides
in the de novo pathway. Thus, in erythrocytes these com-
pounds are formed in the reactions of reutilization, i.e. the
reutilization of free purine bases (adenine, Ade; hypoxan-
thine, Hyp; guanine, Gua) and nucleosides (adenosine,
Ado; inosine, Ino; guanosine, Guo). The reutilization of
purine nucleosides and bases is a source of erythrocyte
purine mononucleotides. The metabolic aim of these
reactions is the introduction of these compounds into the
high energy purine nucleotide synthesis pathways (ATP,
ADP, GTP and GDP) (Dudzinska et al. 2006). The purine
metabolism pathways are presented in Fig. 1.
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working muscles. The evolving hypoxia impairs oxidative
ATP resynthesis, which increases ATP degradation,
accompanied by the accumulation of IMP (Stathis et al.
1994; Hellsten et al. 1999). Most of the IMP is very quickly
resynthesized to ATP during restitution, but part of the IMP
is dephosphorylated which results in the production of Ino
and Hyp (Stathis et al. 1994). The products of purine
catabolism, not recovered intramuscularly via purine
salvage, efﬂux the muscle and are collected in the plasma
(Bangsbo et al. 1992; Hellsten-Westing et al. 1994; Zhao
et al. 2000). Thanks to membrane transporters, nucleosides
and purine bases (mainly hypoxanthine) are in equilibrium
between plasma and red blood cells where they constitute
the substrate in the salvage reactions. These processes
involve PRPP, adenine phosphoribosyltransferase (APRT),
hypoxanthine-guanine phosphoribosyltransferase (HGPRT)
and nucleoside kinases (Dudzinska et al. 2006).
Many in vitro studies have shown that nucleosides and
purine bases may participate in the resynthesis of adenine
nucleotides in red blood cells (Bontemps et al. 1986;
Berman et al. 1988; Van der Berghe and Bontemps 1990;
Kim 1990; Komarova et al. 1999). Kim (1990) and
Komarova et al. (1999) demonstrated the participation of
adenosine in the resynthesis of the adenine nucleotide pool,
especially under conditions of high Pi concentrations. The
results of those experiments suggest the participation of Pi
in the stimulation of adenosine kinase. In contrast, Van der
Berghe and Bontemps (1990) and Bontemps et al. (1986)
reported an Pi-induced inhibition of the activity of
50-nucleotidase and AMP deaminase. Thus, the increase in
erythrocyte and plasma Pi accompanying physical effort
(Yamamoto et al. 1994) may lead to changes in the
activities of enzymes involved in purine metabolism. In
addition, one of the phenomena regularly associated with
intense physical effort is metabolic acidosis.
The increase in the concentration of hydrogen ions in
body ﬂuids is greater, the greater the intensity of effort. A
fall in pH in red blood cells results in a decrease in ADP
and 2.3 DPG (allosteric inhibitors of PRPP synthetase, EC
2.7.6.1) with a concomitant increase in intracellular Pi
(activator of PRPP synthetase) and ATP (Berman et al.
1988). Thus, intense physical activity is likely to encourage
increased synthesis of PRPP—a co-substrate in reactions
catalyzed by APRT and HGPRT. Berman et al. (1988)
reported that the uptake of Hyp and accumulation of IMP
in red blood cells are signiﬁcantly increased at an acid pH,
high external phosphate concentrations, and low PO2.I n
addition, they suggested that erythrocytes could play a role
in the removal of Hyp from anoxic tissue.
Fig. 1 Overview of purine metabolism in human erythrocytes
(straight line) and out of them (dotted line). Based on Simmonds
et al. 1988 and Smolenski et al. 1991, 1992. ADA adenosine
deaminase (EC 3.5.4.4), AK adenosine kinase (EC 2.7.1.20), AMPD
AMP deaminase (EC 3.5.4.6), APRT adenine phosphoribosyltranfer-
ase (EC 2.4.2.7), cN-I cytosolic AMP-speciﬁc 50-nucleotidase (EC
3.2.3.5), cN-II cytosolic IMP and GMP-speciﬁc 50-nucleotidase (EC
3.2.3.5), GK guanosine kinase (EC 2.7.1.73), HGPRT hypoxanthine-
guanine phosphorybosyltransferase (EC 2.4.2.8), IK inosine kinase
(EC 2.7.1.73), MTAdo methylothioadenosine, 50-NT-50-nucleotidase
(EC 3.1.3.5), PNP purine nucleoside phosphorylase (EC 2.4.2.1),
PRPP 50-phosphoribosyl 1-pyrophosphate, SAH S-adenosylhomocys-
teine, SAHH S-adenosylhomocysteine hydrolase (EC 3.3.1.1), SAM
S-adenosylmethionine
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changes in the erythrocyte concentration of adenine,
guanine, and pyridine nucleotides. Moreover, existing lit-
erature is very inconsistent in this respect (Makarewicz
et al. 1980; Harkness et al. 1983; Yamamoto et al. 1994).
Therefore, we decided to measure the concentrations of
adenine (ATP, ADP, AMP) inosine (IMP), guanine (GTP,
GDP, GMP), as well as pyridine (NAD, NADP) nucleo-
tides in red blood cells immediately after standardized
physical effort with increasing intensity, and at the 30th
min of rest. We examined the effect of muscular exercise
on the adenylate (guanylate) energy charge—AEC (GEC),
and on the concentration of nucleosides (guanosine, ino-
sine, adenosine) and hypoxanthine.
Methods
Subjects
Twenty-two healthy male subjects volunteered to partici-
pate in his study. Their age, height, weight, and peak
oxygen consumption were 21.9 ± 2.33 years, 179.8 ±




The subjects were fully informed of any risks and dis-
comfort associated with the experimental procedures
before giving their consent to participate. The study was
approved by the local ethics committee.
Exercise protocol
The examined individuals were subjected to a continuous
effort test with progressively increasing intensity (up to a
refusal) on a cycloergometer (Kettler X-7, Germany). The
test was preceded by a 5-min warm-up on the cycloerg-
ometer (25 W). The test proper began at a resistance of
70 W while maintaining 70 revolutions per min. The effort
continued with an increasing load (20 W every 3 min) until
refusal, or until the tested individual was not able to
maintain the required frequency of rotation. In the last 15 s
of each 3-min effort at a given load, arterialized blood was
collected to assess lactate concentration. Lactate levels
were determined during the exercise and were used to
establish an individual lactic threshold. Lactate concen-
tration was determined using a Dr Lange Lp-20 kit (Lange,
Germany). A heart rate monitor (Polar S610, Finland) was
used to record resting heart rate and changes during exer-
cise. The uptake of oxygen during exercise was examined
using an Oxycon gas analyzer (Jaeger, Germany).
Based on the heart rate increase curve and the lactic acid
concentrations at subsequent loads, we wanted to deter-
mine the load that was followed by a signiﬁcant increase in
blood lactate concentration. Individual lactate threshold
was calculated using the plot of log LA linear regression
and log of the effort intensity.
The selection of loads was aligned with the power
achieved at corresponding lactic thresholds (PPA). Table 1
shows the anthropometric and physiological parameter
characteristics of the study.
Blood analysis
Concentrations of purine and pyridine nucleotides, gua-
nosine (Guo), Inosine (Ino), adenosine (Ado) and hypo-
xanthine (Hyp) were determined in whole blood using
high-performance liquid chromatography. Designations
were made of the blood taken from the antecubital vein
immediately before and after exercise, and 30 min after
exercise testing.
The samples (500 lL) of heparinized blood were
deproteinized with an equal volume of 1.3 M HClO4,
mixed, and then centrifuged at 20,000g for 5 min at 4C.
The supernatant (400 lL) was neutralized with
130–160 lLo f1MK 3PO4 (to pH 5–7). The neutralized
extract was again centrifuged as above, and the supernatant
was stored at -80C until analysis.
Chromatographic analysis was performed using a
Hewlett-Packard series 1100 chromatograph according to
the method used by Smolenski et al. (1990), a modiﬁcation
of Bober et al. (2003). The concentrations of nucleotides
(ATP, ADP, AMP, IMP, GTP, GDP, GMP), Guo, Ino, Ado
and Hyp were determined in the whole blood. We also
calculated the value of TAN and TGN, and AEC and GEC.
Taking into account, the hematocrit values (hematocrit
values were determined in duplicate by the standard
microhematocrit method and expressed in percentage), we
were able to calculate the intraerythrocyte nucleotide
concentrations (lmol/l RBC) with the assumption that
there were no signiﬁcant concentrations in plasma due to
the action of the nucleotidases. The concentrations of
Table 1 Anthropometrical and physiological characteristics of
subjects
Parameters Mean ± SD
Body height (cm) 179.8 ± 8.33
Body mass (kg) 75.6 ± 7.89
HRrest (bpm) 72.1 ± 8.03
HRmax (bpm) 195.6 ± 6.60
PPA (W) 134.5 ± 26.39
MPO (W) 218 ± 40.77
VO2max (ml/min/kg) 45.8 ± 4.11
Values are given as mean ± SD; n = 22
HR heart rate, PPA anaerobic threshold, MPO maximum power
output, VO2max maximum of oxygen uptake
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123nucleosides (Ino, Ado, Guo) and oxypurine (Hyp), which
are present in both erythrocytes and plasma, are expressed
as lmol/l whole blood. They are not directly comparable to
concentrations measured in separated erythrocytes or
plasma.
Inorganic phosphorous in plasma was determined using
a Randox Laboratory Diagnostic kit REF PH1016 (Randox
Laboratories Ltd, Co. Antrim, UK).
Statistical analysis
All values are reported as mean ± SD. ANOVA with
repeated measurements was used to compare data over
time. When the ANOVA was signiﬁcant (RIR) Tukey’s
post hoc tests were used to localize the difference. The
accepted level of signiﬁcance was deﬁned as P\0.05. In
order to demonstrate whether the observed correlations
were statistically signiﬁcant, Spearman’s rank correlation
coefﬁcient was applied.
Results
The characteristics of some anthropometrical and physio-
logical parameters are shown in Table 1. In the group of
subjects, the testing time was 24.0 ± 5.97 min, HR
recorded before the exercise was 72.1 ± 8.03 beats/min,
while the maximum was 195.6 ± 6.60 beats/min. The
maximum power value was 218 ± 40.77 W, while
the anaerobic threshold was set at 134.5 ± 26.39 W. In the
examined group, the oxygen consumption at maximum
load was 45.8 ± 4.11 ml/min/kg, which indicates that the
subjects had a good aerobic endurance for this age group in
comparison with reference data (Astrand and Rodhal
1986).
The mean and standard deviation of guanine and pyri-
dine nucleotides concentrations are presented in Table 2
There were no signiﬁcant changes in the concentrations of
GTP, GDP, GMP and TGN in red blood cells immediately
after exercise, and at the 30th min of recovery. No
signiﬁcant changes were observed for GEC nor the con-
centrations of NAD and NADP.
ATP, ADP, and AMP stoichiometrically couple all of
the metabolic sequences of a living cell. The amount of
metabolically available energy that is momentarily stored
in the adenylate system is linearly related to the mole
fraction of ATP plus half the mole fraction of ADP; this
parameter has been termed the AEC of the adenylate pool.
In this study, physical exercise with increasing intensity did
not contribute to signiﬁcant changes in ATP concentration
in red blood cells immediately after exercise and at the
30th min of recovery (Table 3). We demonstrated a
signiﬁcantly lower (P\0.01) concentration of ADP in red
blood cells at the 30th min of recovery in comparison to
concentrations observed immediately before the test.
Similarly, the concentration of AMP in red blood cells was
signiﬁcantly lower on the 30th min of recovery. At the
same time, the decrease observed in the concentration of
AMP was signiﬁcant both with respect to the levels
observed immediately before exercise (P\0.0001) and
immediately after exercise (P\0.001). Physical exercise
with increasing intensity contributed to a signiﬁcant
increase in IMP concentration in red blood cells compared
to resting levels (P\0.01). At the 30th min of rest, we
observed a signiﬁcant decrease in the concentration of IMP
in comparison to its level immediately after the exercise
(P\0.01). AEC was signiﬁcantly higher at the 30th min
of recovery, both in comparison to the value observed
before (P\0.006) and immediately after exercise
(P\0.01) (Table 3).
Table 2 Concentration of guanine nucleotides (GTP, GDP, GMP) and pyridine nucleotides (NAD, NADP) in red blood cells before exercise,
after exercise and 30 min of recovery
Before exercise After exercise 30 min of recovery
GTP (lmol/l RBC) 66.80 ± 8.25 65.27 ± 7.41 63.01 ± 8.02
GDP (lmol/l RBC) 28.02 ± 4.55 29.04 ± 6.23 28.42 ± 6.67
GMP (lmol/l RBC) 41.46 ± 6.29 39.53 ± 6.23 41.08 ± 6.31
TGN (lmol/l RBC) 133.84 ± 12.26 133.66 ± 10.07 132.49 ± 12.76
GEC 0.58 ± 0.03 0.59 ± 0.03 0.58 ± 0.03
NAD (lmol/l RBC) 72.84 ± 7.13 72.88 ± 9.55 71.77 ± 8.36
NADP (lmol/l RBC) 45.80 ± 4.53 45.18 ± 3.40 44.89 ± 3.80
Concentrations of GTP, GDP, GMP, TGN, NAD, NADP are expressed as lmol/l RBC
Values are given as mean ± SD; n = 22
TGN (total guanine nucleotides) = [GTP] ? [GDP] ? [GMP]
GEC (guanylate energy charge) was evaluated according to the formula by Atkinson
GEC = ([GTP] ? 0.5[GDP])/([GTP] ? [GDP] ? [GMP])
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in the blood. Ino concentration measured in blood imme-
diately after exercise reached 0.5 ± 0.26 lmol/L and did
not differ signiﬁcantly from the value measured before
exercise (0.1 ± 0.04 lmol/L). Ino concentration was sig-
niﬁcantly higher 30 min after exercise, both in comparison
to the resting value (P\0.001) and after the effort
(P\0.001).
Physical exercise contributed to a nearly eightfold
increase in Hyp concentration in the blood in relation to
resting levels (from 2.2 ± 1.61 to 16.3 ± 7.86 lmol/L)
(P\0.0001). High concentrations of Hyp were observed
even 30 min after the exercise (18.5 ± 8.78 lmol/L), albeit
this increase was still signiﬁcant in relation to resting values
(P\0.0001) but not to post-exercise levels. There was no
signiﬁcant relationship between the concentration of Hyp in
the blood and the concentration of IMP in red blood cells.
There were no signiﬁcant changes in the concentrations
of Ado and Guo in the blood after exercise and at the 30th
min of rest.
The concentration of inorganic phosphorous measured
before the exercise was 1.14 ± 0.13 mM. Immediately
after exercise it was 1.39 ± 0.22 mM and on the 30th min
of restitution it was 1.46 ± 0.28 mM, so in both times the
concentration of the inorganic phosphorous signiﬁcantly
increased in comparison with resting values (P\0.01).
Discussion
The post-exercise increase in the concentration of Ino and
Hyp in the blood has already been observed by many
researchers (Sutton et al. 1980; Hellsten-Westing et al.
1989; Bangsbo et al. 1992; Hellsten et al. 1999; Zhao et al.
2000). Many studies also demonstrated that Ino and Hyp
are produced in muscles during moderate to intense exer-
cise, while there is great individual variation of changes in
plasma concentrations of Hyp induced by intense exercise
(Sahlin et al. 1991; Bangsbo et al. 1992; Hellsten-Westing
et al. 1993b). According to Bangsbo et al. (1992) and
Table 3 Concentrations of adenine nucleotides (ATP, ADP, AMP) and inosine nucleotides (IMP) in red blood cells before exercise, after
exercise and 30 min of recovery
Before exercise After exercise 30 min of recovery
ATP (lmol/l RBC) 1,797.00 ± 158.83 1,777.80 ± 130.52 1,808.522 ± 155.26
ADP (lmol/l RBC) 227.42 ± 40.49 220.13 ± 42.30 189.18 ± 39.57*
AMP (lmol/l RBC) 14.25 ± 2.94 13.21 ± 3.09 9.77 ± 2.43***
,§§
TAN (lmol/l RBC) 2,038.59 ± 172.87 2,010.73 ± 154.92 2,006.79 ± 171.29
AEC 0.93 ± 0.01 0.93 ± 0.01 0.94 ± 0.009**
,§
IMP (lmol/l RBC) 7.16 ± 1.35 8.43 ± 1.86* 6.82 ± 2.00
§
ATP/ADP (lmol/l RBC) 8.13 ± 1.54 8.41 ± 1.53 9.91 ± 1.96*
,§
ADP/AMP (lmol/l RBC) 16.06 ± 1.13 16.95 ± 1.84 19.56 ± 1.67***
,§§§
Concentrations of ATP, ADP, AMP, TAN and IMP are expressed as lmol/l RBC
Values are given as mean ± SD; n = 22
TAN (total adenine nucleotides) = [ATP] ? [ADP]) ? [AMP]
AEC (adenylate energy charge) was evaluated according to the formula by Atkinson
AEC = ([ATP] ? 0.5[ADP])/([ATP] ? [ADP] ? [AMP])
* P\0.01; **P\0.006; ***P\0.0001, signiﬁcantly different from before exercise
§ P\0.01;
§§P\0.001;
§§§P\0.0001, signiﬁcantly different from after exercise
Table 4 Concentrations of guanosine, inosine, adenosine and hypoxanthine in blood before exercise, after exercise and 30 min of recovery
Before exercise After exercise 30 min of recovery
Guanosine (Guo) lmol/l whole blood 0.11 ± 0.03 0.14 ± 0.03 0.13 ± 0.04
Inosine (Ino) lmol/l whole blood 0.11 ± 0.03 0.50 ± 0.26 1.12 ± 0.59***
,§
Adenosine (Ado) lmol/l whole blood 0.07 ± 0.01 0.08 ± 0.01 0.07 ± 0.01
Hypoxanthine (Hyp) lmol/l whole blood 2.20 ± 1.61 16.25 ± 7.86*** 18.54 ± 8.78***
Concentrations of Guo, Ino, Ado and Hyp are expressed in lmol/l whole blood
Values are given as mean ± SD; n = 22
*** P\0.0001, signiﬁcantly different from before exercise
§ P\0.01, signiﬁcantly different from after exercise
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increased up to ﬁve times the resting levels after arm
cranking and more than ten times after short distance post-
maximum running. Hellsten-Westing et al. (1993a) and
Sahlin et al. (1991) showed that the signiﬁcant peak in the
Hyp concentration appears 20 min after conclusion of the
exercise. Hellsten et al. (1999) showed that 100 s after
intense exercise, femoral venous Ino and Hyp concentra-
tions had increased and signiﬁcant net release of Hyp and
Ino was observed after 70 s. In recovery, venous Ino and
Hyp increased further, and the release of Ino and Hyp
peaked after 12–20 min and were still signiﬁcant after
90 min of recovery.
A signiﬁcant increase in Hyp concentration in the blood
observed in this study immediately after the exercise and
accompanied by no signiﬁcant changes in the concentra-
tions of Ino, exhibits differences in the rate of entry of
these metabolites into the plasma. Zhao et al. (2000)i n
their studies of muscle adenine nucleotide metabolism
during maximal exercise and in recovery from maximal
exercise in humans showed a signiﬁcant increase in the
concentration of Hyp and Ino in plasma, respectively, at the
5th- and 10th min of recovery, while Hellsten et al. (1999)
showed a multiple signiﬁcant increase in plasma concen-
trations of Hyp immediately after high-intensity intermit-
tent exercise. The differences in the rate of entry of these
metabolites into the blood may be due, inter alia, to dif-
ferent scheme of the exercise or its duration.
However, in this study a signiﬁcant increase in the
concentration of extracellular markers of muscle adenine
nucleotide catabolism (Ino and Hyp) indicates the occur-
rence of severe energy stress that occurred during exercise.
The observed increase in the concentration of Hyp imme-
diately after the exercise and at the 30th min of recovery,
points to a signiﬁcant increase in the degradation of ATP.
The results show that Hyp was already released from
working muscles during exercise, and also 30 min after its
completion.
Our study shows a signiﬁcant increase in IMP concen-
tration in red blood cells immediately after exercise. These
results conﬁrm the increase in the post-exercise concen-
tration of IMP observed by Yamamoto et al. (1994) and
Makarewicz et al. (1980). However, they contradict the
ﬁndings by Harkness et al. (1983), who after 2 min of
intense physical exertion showed no increase in the con-
centration of erythrocyte IMP. One of the reasons for the
differences may be the duration of the effort. As our
research shows, 25 min of exercise with increasing inten-
sity results in an increase in IMP concentration of red blood
cells.
IMP concentration in red blood cells is the result of the
synthesis and degradation of this nucleotide. One of the
reasons leading to an increase in IMP concentration in red
blood cells may be a decrease in pH, high external phos-
phate concentrations, and low PO2, it has been demon-
strated that the IMP synthesis is regulated by pH, inorganic
phosphate and oxygen tension (Berman et al. 1988). As is
clear from the study by Yamamoto et al. (1994), a 25-min
exercise on a cycloergometer with increasing intensity until
refusal leads to a signiﬁcant increase in Pi in red blood cells
and plasma, and a decline in blood pH. In our study we also
showed a signiﬁcant increase in Pi in plasma, not only
immediately after effort but also on the 30th min of resti-
tution. Moreover, in vitro studies on the effects of inor-
ganic phosphate on the concentration of nucleotides
showed that in red blood cells incubated in a solution
containing 2 mM Pi, an increase in IMP concentration
occurs (Yamamoto et al. 1994). Moreover, Berman et al.
(1988) showed that the uptake of Hyp and accumulation of
IMP in red blood cells are signiﬁcantly increased at acidic
pH levels, high external phosphate concentrations, and low
PO2, the conditions that accompany intense physical effort.
Given the fact that one way of removing Hyp from
blood is its uptake by red blood cells, the signiﬁcant
increase in Hyp concentration in the blood observed
immediately after exercise, and the signiﬁcant increase in
IMP concentration in red blood cells suggests that Hyp was
included in the IMP pool in a reaction catalysed by
HGPRT. It does not seem that a signiﬁcant increase in IMP
concentration in red blood cells immediately after exercise
was caused by the increased activity of AMP deaminase
(EC 3.5.4.6). First, we did not observe a signiﬁcant
decrease in the concentration of AMP, which accompanies
an increase in AMP deaminase activity (Tavazzi et al.
2000, 2001). Secondly, it has been shown that intense
physical activity leads to the inhibition in AMP deaminase
in skeletal muscle, caused directly by an increase in the
concentration of orthophosphate and a decline in pH
(Hellsten et al. 1999). It has also been demonstrated that Pi,
IMP and 2.3 BPG are the inhibitors of the enzyme
(Bontemps et al. 1986; Mosharov et al. 1998; Van den
Berghe and Bontemps 1990). Thus, the increase in Pi
concentration in red blood cells, and a drop in blood pH, as
well as an increase in the concentration of IMP observed
immediately after the exercise, suggest the inhibition of
AMP deaminase. It seems that an irreversible reaction
leading to the hydrolytic deamination of AMP to IMP in
erythrocytes is inhibited because of the necessity to protect
the cellular ATP.
It is known that under physiological conditions, the pool
of adenine and guanine nucleotides is kept constant. The
concentration ratio of individual nucleotides within this
pool is maintained primarily by adenylate kinase, guany-
late kinases, and enzymes involved in the catabolism of
these compounds. Our study showed no erythrocyte chan-
ges in the concentration of adenine and guanine nucleotides
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and ADP in the absence of signiﬁcant changes in ATP and
TAN were observed only at the 30th min of rest, which
conﬁrms results from other authors (Makarewicz et al.
1980; Yamamoto et al. 1994; Skotnicka et al. 2008).
Makarewicz et al. (1980) showed a signiﬁcant decrease in
AMP and ADP in red blood cells in the absence of sig-
niﬁcant changes in the concentration of ATP immediately
after intense exercise and 30 min of rest. Yamamoto et al.
(1994), incubating the red blood cells in a solution con-
taining 2 mM Pi, showed a decrease in AMP and ADP in
the absence of signiﬁcant changes in the concentrations of
ATP. In addition to the Pi-induced decrease in AMP and
ADP in vitro, they showed a decline in AMP and ADP in
red blood cells in the group of 6 healthy subjects after a
25-min bicycle exercise on a cycloergometer.
Inourstudy,adropintheconcentrationofAMPandADP,
with the simultaneous increase in ATP/ADP and ADP/AMP
ratios after 30 min of rest indicates an increased phosphor-
ylation AMP and ADP to ATP (Table 3). Although we
observed no signiﬁcant increase in ATP, an 8% increase in
the concentration of this nucleotide was observed in red
blood cells during recovery in comparison to resting values.
Because the only source of erythrocyte ATP is glycolysis, it
can besupposed that physical activityresultsin anincreased
rate of this conversion in erythrocytes.
In summary, it can be concluded that a standardized
physical exercise with increasing intensity leads to an
increase in IMP concentration in red blood cells immedi-
ately after exercise, which with a signiﬁcant increase in
Hyp concentration in the blood suggests that Hyp was
included in the IMP pool. During the rest, an increase in
ATP/ADP and ADP/AMP ratios occur, which indicates an
increased phosphorylation of AMP and ADP to ATP. The
exercise used in this study did not lead to erythrocyte
changes in the concentration of guanosine and pyridine
nucleotides.
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